Usability of a virtual reality environment simulating an automated teller machine for assessing and training persons with acquired brain injury by Fong, Kenneth NK et al.
JNER
JOURNAL OF NEUROENGINEERING 
AND REHABILITATION
Fong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
http://www.jneuroengrehab.com/content/7/1/19
Open Access RESEARCH
BioMed  Central
© 2010 Fong et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
Research Usability of a virtual reality environment simulating 
an automated teller machine for assessing and 
training persons with acquired brain injury
Kenneth NK Fong*1, Kathy YY Chow2, Bianca CH Chan1, Kino CK Lam1, Jeff CK Lee1, Teresa HY Li1, Elaine WH Yan2 and 
Asta TY Wong2
Abstract
Objective: This study aimed to examine the usability of a newly designed virtual reality (VR) environment simulating 
the operation of an automated teller machine (ATM) for assessment and training.
Design: Part I involved evaluation of the sensitivity and specificity of a non-immersive VR program simulating an ATM 
(VR-ATM). Part II consisted of a clinical trial providing baseline and post-intervention outcome assessments.
Setting: A rehabilitation hospital and university-based teaching facilities were used as the setting.
Participants: A total of 24 persons in the community with acquired brain injury (ABI) - 14 in Part I and 10 in Part II - 
made up the participants in the study.
Interventions: In Part I, participants were randomized to receive instruction in either an "early" or a "late" VR-ATM 
program and were assessed using both the VR program and a real ATM. In Part II, participants were assigned in 
matched pairs to either VR training or computer-assisted instruction (CAI) teaching programs for six 1-hour sessions 
over a three-week period.
Outcome Measures: Two behavioral checklists based on activity analysis of cash withdrawals and money transfers 
using a real ATM were used to measure average reaction time, percentage of incorrect responses, level of cues 
required, and time spent as generated by the VR system; also used was the Neurobehavioral Cognitive Status 
Examination.
Results: The sensitivity of the VR-ATM was 100% for cash withdrawals and 83.3% for money transfers, and the 
specificity was 83% and 75%, respectively. For cash withdrawals, the average reaction time of the VR group was 
significantly shorter than that of the CAI group (p = 0.021). We found no significant differences in average reaction time 
or accuracy between groups for money transfers, although we did note positive improvement for the VR-ATM group.
Conclusion: We found the VR-ATM to be usable as a valid assessment and training tool for relearning the use of ATMs 
prior to real-life practice in persons with ABI.
Introduction
Operating an automated teller machine (ATM) is one of
the most common tasks involving community-living
skills that a person might undertake. ATMs are comput-
erized telecommunication devices that provide the cus-
tomers of financial institutions access to making financial
transactions in a public space without the need for a
human clerk or bank teller. Using an ATM, customers can
access their bank accounts to make cash withdrawals,
transfer money, and check the balance of their accounts,
as well as pay electronic bills. But although ATMs are
widely used and very convenient, it has been shown that
older persons and users with disabilities face difficulties
with their operation [1,2]. A study of the elderly con-
ducted in Japan showed that these difficulties may result
not only from sensory problems and physical characteris-
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tics but also from cognitive changes as a result of aging,
all of which make it difficult for elderly persons to under-
stand ATM operations and the meaning of the ATM dis-
play [2]. Using an ATM simulator, the researchers showed
that common problems affecting the elderly in their use
of ATMs were 1) long response times, 2) difficulties col-
lecting information in a short time, 3) excess response to
voice messages, 4) recurrence of the same errors, 5) diffi-
culties understanding the operational tasks, and 6) the
influence of social pressure.
In addition, persons with acquired brain injuries (ABI)
have different levels of cognitive function that can affect
their ability to perform basic self-care and participate in
the community [3]. They may also lack the ability to oper-
ate an ATM either because of cognitive deficits like mem-
ory difficulty, poor problem-solving, or slow motor and
information processing speed, or a lack of confidence
from insufficient practice. With a real ATM, people can
lose their ATM card after three mistakes during password
key-in. Also, if their response is delayed more than 30
seconds, their card will be rejected and they must start
over again. The frustration produced by the time limit
and the demand for accuracy, as well as anxiety stemming
from the possibility of long lines developing behind them
in a public area, also makes it more likely such individuals
will avoid this community activity. But although studies
have been undertaken of ATM use by the elderly [2],
there has yet to be a study investigating the use of ATMs
by other populations, including people with disabilities.
Virtual reality (VR) is a technology that allows people
to view, navigate, or interact with a simulated three-
dimensional world in real time. It is a computer-gener-
ated environment that creates an opportunity for individ-
uals to engage in activities similar to the reality [4-6].
These environments are usually three-dimensional and
can be classified into two types which are immersive and
non-immersive depending on the levels of "virtual pres-
ence" [5]. Different VR systems come with different kinds
of interactivity according to different immersion levels. In
an immersive environment, individuals will have strong
"sense of presence" and are able to view themselves or an
avatar in the scene on the screen using head-mounted
display or cave system, however, in a non-immersive sys-
tem, individuals only interact with the environment dis-
played on the computer screen with or without interface
or haptic devices [5]. VR offers the chance for intensive
repetition of meaningful tasks with augmented feedbacks
for rehabilitation in a manner that can be more interest-
ing than conventional therapy [6]. It poses no threat to or
physical limitations upon participants in the simulated
environment, and it can easily be modified to change lev-
els of difficulty, which may not be possible in the real
world [7]. It also has advantages over normal computer-
based rehabilitation programs in that it can address real-
time aspects of information processing and enhance
dynamic interaction [5]. Previous studies have empiri-
cally substantiated the usefulness of VR in the relearning
o f  d o m a i n - s p e c i f i c  f u n c t i o n a l  t a s k s ,  s u c h  a s  c o o k i n g ,
route finding, and cash management, in rehabilitating cli-
ents with cognitive impairments such as brain injury [3,7-
11]. But no study so far has attempted to create a virtual
ATM environment for the training and studying of per-
sons with disabilities or the elderly in need of developing
the necessary skills for ATM use. The potential benefits
of such an environment led to our project to design and
evaluate a virtual ATM in which persons with ABI could
practice the necessary skills during their daily rehabilita-
tion sessions [12].
In this study , we sought to answer two questions: 1)
What would be the value of using a newly designed vir-
tual reality ATM program (VR-ATM) in predicting the
success or failure of persons with ABI when using real
ATMs? and 2) would the VR-ATM be an effective train-
ing media compared with the conventional training
approach using computer-assisted instruction (CAI) for
improving the performance of persons with ABI in cash
withdrawals and money transfers at ATMs? The study
was divided into two parts: the first investigated the pre-
dictive validity of using the VR-ATM as a tool to assess
performance on real ATMs in persons with ABI, while
the second compared the effects of using the VR-ATM
program with those of using CAI when training persons
with ABI to operate ATMs for cash withdrawals and
money transfers. We believed that task-specific training
through the use of VR could enhance representative func-
tioning in problem-solving in clients with ABI, which
might then be incorporated into the various stages of
problem-solving skills training and then transferred to
problem-solving performance in real life [13].
Methods
Participants
A total of 24 participants with ABI volunteered to partici-
pate in the study. To be included, participants had to 1) be
aged between 18 and 65, 2) have the ability to use at least
one hand to operate the touch monitor, 3) attain a score
of 22 or above on the Chinese Mini-Mental State Exami-
nation (MMSE) [14], 4) be capable of going outdoors
independently, and 5) not have used an ATM since the
injury. Participants were excluded if they had severe dys-
phasia (either expressive or comprehensive), which
restricts communication, or significant impairment in
visual acuity caused by cataracts, diabetic retinopathy,
glaucoma, or hemianopia. All participants were diag-
nosed with ABI according to their medical records, which
is an injury to the brain that has occurred after birth and
that is not hereditary, congenital, degenerative, or been
induced by birth trauma [15]. For the first part of theFong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
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study, we recruited 14 outpatients with ABI by conve-
nience sampling in the occupational therapy department
of a rehabilitation hospital in Hong Kong. The patients
ranged in age from 18 to 59 years (mean = 43; SD = 10.7).
Nine were diagnosed with stroke (6 hemorrhagic, 3 isch-
emic), and four had sustained head injuries (1 closed, 4
open). For the second part, we recruited 10 participants
by convenience sampling from a self-help community
organization in Hong Kong. These participants had expe-
rienced the onset of ABI more than one year previously
and had completed the outpatient rehabilitation phase of
their treatment, thus minimizing the chance of spontane-
ous recovery. Their ages ranged from 44 to 63 years
(mean = 52.6; SD = 6.2). Nine were diagnosed with stroke
(6 hemorrhagic, 3 ischemic), and one had suffered a brain
tumor. Table 1 shows the cognitive performance of the
participants in both parts of the study. Written and
informed consent was obtained from all participants
before study enrollment. The study was performed in
accordance with the principles of the Declaration of Hel-
sinki, and was reviewed and approved by the institutional
review board of the Hong Kong Polytechnic University
(Ref.: HSEARS20061222001).
Instrumentation
Figure 1 shows the non-immersive virtual reality ATM
program (VR-ATM) developed at the occupational ther-
apy department of Kowloon Hospital, Hong Kong, in
2005 [12]. It is operated online through a web-based sys-
tem. The system comprises a desktop computer con-
nected to the internet with a 27" touch monitor that
closely represents the anticipated actual dimensions of a
real ATM. The objective in developing the VR-ATM was
not to employ sophisticated technology but to construct a
virtual environment that could be manipulated with
assessment and training parameters designed to enhance
task performance, as well as be accessible everywhere
Table 1: Characteristics of all participants
Characteristics Part I (n = 14) Part II (n = 10)
Gender, n(%)
Male 11 (78.6) 6 (60.0)
Female 3 (21.4) 4 (40.0)
Age, mean ± SD 43.0 ± 10.7 52.6 ± 6.2
Years of education, mean ± SD 10.6 ± 2.7 8.0 ± 3.7
Education, n(%)
No formal education 0 (0) 1 (10.0)
Primary 1 (7.1) 3 (30.0)
Lower secondary 5 (35.7) 3 (30.0)
Upper secondary 6 (42.9) 3 (30.0)
Tertiary 2 (14.3) 0 (0)
Type of ABI, n (%)
Intracerebral hemorrhage 6 (42.8) 6 (60.0)
Ischemic stroke 3 (21.4) 3 (30.0)
Open head injury 4 (28.6) 0 (0)
Closed head injury 1 (7.0) 0 (0)
Brain tumor 0 (0) 1 (10.0)
MMSE, mean ± SD 27.6 ± 2.7 26.1 ± 2.3
Note: MMSE - Mini-mental State Examination
Figure 1 Non-immersive virtual reality ATM program (VR-ATM).Fong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
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through the internet. The VR-ATM includes three com-
mon tasks that can be conducted at ATMs: cash with-
drawals, money transfers, and electronic payments. The
program in the system consisted of two modes: assess-
ment and training. Augmented feedback to the individual
i s  e n h a n c e d  b y  v i s u a l  a n d  a u d i t o r y  f e e d b a c k s  t o  t h e
results of actions. In each task, a cueing system, consist-
ing of five levels of cues, was programmed to respond to
the actions of the participants and assist them with task
completion. When a delay in response was detected, cues
were given in 15-second intervals. The cues were
sequenced as follows according to the level of assistance
provided by the system: 1) whenever the user performed
incorrectly, the program provided a reminder signal and
the user had the opportunity to retry; 2) if the user again
answered incorrectly, a cue in the form of a flashing
object could be seen over the correct button to press; 3) if
the user still did not answer correctly, a verbal cue in the
form of a voice was provided; and 4) if the user still could
not complete the task, a bright arrow cue pointing to the
correct button was provided. If the response was still
incorrect or not completed, the computer performed the
task and a final score was generated that took account of
the level of cues given. The advantage of this algorithm in
terms of feedback to the user is that it provides the neces-
sary reinforcement or prompting for the initiation of
activity, the sequence of steps, and the correctness of
actions [11]. An assessment report was produced after
each attempt that included outcomes such as average
reaction time, percentage of incorrect responses, level of
cues required, and time spent on the task. The training
mode was also divided into three levels of difficulty. Level
1 involved only the simplest task of cash withdrawals;
Level 2 involved any two tasks out of cash withdrawals,
money transfers, or electronic payment; and Level 3
involved all three tasks.
Procedure
Part I
The first part of the study involved a one-time instruction
session in use of both the VR-ATM and the real ATM by
an occupational therapist. Participants were first ran-
domly allocated by sealed envelopes to either an "early" or
a "late" VR-ATM program. The early group received
instruction in the VR-ATM program, immediately fol-
lowed by practice with the real ATM. Participants in the
late group were exposed to the real ATM first, immedi-
ately followed by the VR-ATM. All participants per-
formed the same tasks - cash withdrawals and money
transfers - with the VR-ATM or the real ATM in a reha-
bilitation hospital. For the real ATM practice, the thera-
pist issued the participant an ATM card, a password, and
the account number of the target account for the money
transfers. The assessment criteria were based simply on a
dichotomous scale - success or failure on a behavioral
checklist in using the ATM (see Additional file 1).
Part II
The second part of the study used a pre-test and post-test
quasi-experimental design that involved two training
groups - the experimental group and a conventional
group. Participants with ABI were assigned by matched
pairs into either the group using the experimental VR-
ATM program or the group using the conventional CAI
program [16], and were taught separately by two trained
occupational therapy students in a university-based
teaching laboratory. They were matched in pairs as
closely as possible in terms of age, gender, educational
level, and baseline cognitive performance as assessed by
the MMSE. Both programs consisted of six equivalent
one-hour training sessions, two sessions per week for
three weeks, with each session involving the same con-
tent and structure for instructing participants in basic
ATM skills for withdrawing cash (Level 1) and transfer-
ring money (Level 2); both themes were included in dif-
ferent sessions using either VR or CAI, respectively.
The VR-ATM program allowed participants to manip-
ulate objects such as a debit card, receipt, or cash in the
virtual world using a touch-screen person-machine inter-
face. They practiced and learned to use the VR-ATM
through tasks such as inserting a debit card, withdrawing
cash, and entering a password. The amount of cash to be
withdrawn or transferred varied randomly as set by the
system, although the amount used in the intervention
was not the same as that used in the pre- and post-testing
stages. The trainer also taught the participants cash man-
agement and simple calculation during money transac-
tions with the VR-ATM.
The CAI program adopted the same structure and con-
tent as that of the VR-ATM program. It combined multi-
media tutorials (using PowerPoint) with feedback and
verbal reinforcement. The only difference was that the
participants in the CAI group received tutorial sessions,
demonstrations, and verbal feedback from the trainer
with the use of PowerPoint rather than from a virtual
environment.
Outcome measures
In Part I, the success or failure of participants in using
either the VR-ATM or the real ATM was recorded and
compared for each step. Two behavioral checklists were
developed based on activity analysis, a 14-item one for
cash withdrawals and a 17-item one for money transfers,
to assess the participants' performance in using ATMs
(see Additional file 1) [17]. The checklists consisted of
items that broke down the procedures of basic ATM
operations, cash withdrawals, and money transfers into
smaller steps. We used a dichotomous scale of 0 and 1
based on a pass or fail principle to score performance. WeFong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
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also evaluated their cognitive performance using the
Neurobehavioral Cognitive Status Examination (Cogni-
stat) [18] before practice with the ATMs. The Cognistat
was developed in 1983 by the Northern California Neu-
robehavioral Group, Inc. which used an ability model of
brain function emphasizing different areas of cognitive
function. In this study, the sub-scores of two general
areas, attention and orientation, and five major ability
areas namely language, constructions, memory, calcula-
tions and reasoning, were tested [19]. There was no
blinding of group assignment by the assessor.
In Part II, the VR-ATM system produced reports of
major outcomes before and after training, which included
the average reaction time, percentage of incorrect
responses, number of cues needed, and time spent. The
pre- and post-assessments also included cognitive evalua-
tion using Cognistat. An occupational therapy student
was specially trained to oversee all assessments in Part II.
Data analysis
The baseline and demographic data of all participants
were assessed by descriptive statistics. In Part I, we com-
pared the performance of participants in the two groups
with the VR-ATM and the real ATM based on four possi-
ble outcomes - true or false positives and false or true
negatives - in a 2 × 2 arena, as shown in Table 2[20]. Sen-
sitivity was calculated according to the power of the VR-
ATM to obtain a true positive result; that is, a/(a+c),
where a was the true positive and c was the false negative.
This value is the portion of participants who failed both
when using the VR-ATM and the real ATM. Another
value, a/a+b, was calculated that reflected the positive
predictive value, that is, the VR-ATM's ability to detect
problems in those participants who failed when operating
the real ATM. Specificity was calculated according to the
power of the VR-ATM to obtain a true negative result,
which was calculated as d/(b+d), where b was a false pos-
itive and d was the true negative. This value represented
the proportion of participants who succeeded at operat-
ing the VR-ATM but who would fail in real practice. A
negative predictive value of d/c+d indicated those who
succeeded in operating the VR-ATM who would also suc-
ceed at using the real ATM. Hence, if the VR-ATM had a
high negative predictive value, everyone who succeeded
in operating the VR-ATM would have no difficulty using
a real ATM. Part II of the study used non-parametric sta-
tistical methods owing to the small sample size. The
Mann-Whitney Test was used to detect differences in
both baseline and post-training evaluation between
groups. The level of significance was set at p  0.05.
Results
Part I
For those who succeeded at operating the real ATM,
average reaction time was 15.5 seconds (range was 12 to
19 seconds) with the level of cues ranging from 1 to 2
with the VR-ATM. For those who failed with the real
ATM, average reaction time was 26.5 seconds (range was
23 to 30 seconds) with the level of cues ranging from 2 to
3 with the VR-ATM.
The sensitivity of the VR-ATM was 100% for cash with-
drawals and 83.3% for money transfers. This meant that if
the participant lacked sufficient ability to operate the real
ATM, the VR-ATM would accurately reflect the deficits.
This result reflects a high probability that the VR-ATM
would detect problems in users who would fail at using a
real ATM. The specificity of the VR-ATM was 83% and
75% for cash withdrawals and money transfers, respec-
tively. This result reflects satisfactory specific values but
some probability that the VR-ATM would detect prob-
lems in clients who would actually succeed in using a real
ATM. The VR-ATM had an acceptable positive predictive
value of 50%, meaning that it estimated that half the users
who had problems operating the VR-ATM would fail
when using a real ATM. The VR-ATM, however, had a
high negative predictive value of 100%; in other words,
every participant who succeeded in operating the VR-
ATM would have no difficulty using a real ATM.
Table 2: Predictive values (by case) of VR-ATM and real ATM in outpatients with ABI (n = 14)
Observation (by case) Real ATM
Cash withdrawals Money transfers
Failure (n) Success (n) Failure (n) Success (n)
V R - A T M 2252
Failure (a:true positive) (b:false positive) (a:true positive) (b:false positive)
VR-ATM 0 10 1 6
Success (c:false negative) (d:true negative) (c:false negative) (d:true negative)
Note: Figures represent the number of participantsFong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
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Part II
The results of the Mann-Whitney test indicated no sig-
nificant differences in cognitive performance between
participants in the VR-ATM and CAI groups as assessed
by the Cognistat (p = 0.288 - 0.911), and in baselines as
assessed by the VR-ATM (p = 0.753 - 0.834) (Table 3).
Table 4 summarizes the outcome measures comparing
participants' performance in both groups after training as
assessed by the VR-ATM. The results of the Mann-Whit-
ney test also indicated no significant differences in base-
line measures prior to the intervention in terms of age,
years of education, and the Cognistat, outcomes of aver-
age reaction times, and correct percentage scores on the
VR-ATM (Table 3).
Table 4 also shows the results of between-group com-
parisons in post-training VR-ATM outcomes. For cash
withdrawals, the experimental group had a significantly
shorter average reaction time than the CAI group (p =
0.021). The accuracy of the VR-ATM group was also sig-
nificantly higher than that of the CAI group in cash with-
drawals (p = 0.043). For money transfers, no significant
difference was found in the average reaction times of the
two groups after training (p = 0.173), although the reac-
tion time for the VR-ATM group did show positive
improvement (mean = 10.6) and was shorter than that of
the CAI group (mean = 16.6). We also found no statisti-
cally significant difference in the post-test correct per-
centage scores between the VR-ATM and CAI groups,
although the improvement in accuracy for the VR-ATM
group almost allowed the comparison to meet the 0.05
cut-off point for significance (p = 0.059) (Table 4).
Discussion
Our study shows that the VR-ATM can be used both as a
reliable assessment tool to assess performance in using
ATMs and as a useful program for training clients with
ABI in ATM user skills. Given the popularity of internet
use in Hong Kong, we provided a web-based system for
VR training in ATM skills that would allow persons with
disabilities or older persons to practice in locations out-
side the treatment center, including at home, thereby
increasing the accessibility, duration, and frequency of
practice with or without help from caregivers while sav-
ing the time it would take to travel to the treatment cen-
ter.
Part I of the study found the VR-ATM program to be a
valid and highly sensitive screening tool for assessing the
ATM user skills of patients with ABI, and showed that the
Table 3: Results of Mann-Whitney Test in baseline comparison between groups
VR-ATM Group (n = 5) CAI Group (n = 5) Z p
Age 53.2 ± 7.5 52.0 ± 5.5 -0.315 0.841
Years of education 7.0 ± 4.3 9.0 ± 2.5 -0.764 0.548
Gender, no. of M/F (3/2) (3/2)
Cognistat
Orientation 10.4 ± 2.6 11.2 ± 1.79 -0.643 0.521
Attention 7.8 ± 0.5 7.6 ± 0.9 -0.149 0.881
Comprehension 5.4 ± 1.3 5.2 ± 1.3 -0.516 0.606
Repetition 8.8 ± 2.2 7.6 ± 3.2 -0.532 0.595
Naming 6.0 ± 1.4 7.6 ± 4.4 -0.324 0.746
Constructional ability 3.8 ± 1.6 4.2 ± 1.5 -0.328 0.743
Memory 8.4 ± 2.3 8.0 ± 3.2 -0.212 0.832
Calculation 3.0 ± 1.2 3.2 ± 0.8 -0.111 0.911
Reasoning 5.8 ± 2.5 6.6 ± 0.9 -1.063 0.288
Judgment 4.0 ± 0.7 4.6 ± 0.9 -0.437 0.662
Cash withdrawals
Average reaction time 15.8 ± 8.5 16.6 ± 6.7 -0.314 0.753
Correct percentage score 87.7 ± 11.3 85.1 ± 11.6 -0.313 0.754
Money transfers
Average reaction time 21.0 ± 4.0 24.2 ± 9.6 -0.424 0.671
Correct percentage score 78.2 ± 5.2 72.5 ± 13.1 -0.210 0.834
Mean ± SD; * denotes significance at p  0.05
Note: Cognistat - Neurobehavioral Cognitive Status ExaminationFong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
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VR-ATM is an effective assessment tool that can identify
clients who would have problems with real ATM opera-
tion. The sensitivity of the VR-ATM was 100% for cash
withdrawals and 83.3% for money transfers, which
reflects the high probability of detecting problems with
VR-ATM use in clients who would be likely to fail when
using real ATMs. In view of the good result for the nega-
tive predictive value - that is, predicting participant suc-
cess when using the VR-ATM - it is likely that 100% of
those who succeeded in using the VR-ATM could also
succeed at operating a real ATM. If participants failed at
operating the VR-ATM, they had a 50% chance of suc-
ceeding when using the real ATM, as shown by the posi-
tive predictive value. This means that if a person lacked
sufficient ability to operate a real ATM, the VR-ATM
would accurately reflect this problem. The VR-ATM can
therefore be used as an assessment tool to screen clients
w i t h  A B I  w h o  a r e  l i k e l y  t o  h a v e  d i f f i c u l t y  u s i n g  r e a l
ATMs.
But the possibility of failure when using real ATMs, as
reflected by the 50% positive predictive value, could also
be attributed to environmental distractions in the public
area and the threat of losing the ATM card after three
mistaken password key-ins. We recommend that people
with ABI do not try using A TMs in a public area until
they are able to successfully operate the VR-ATM. All
persons face a high level of environmental distractions,
disturbances from unreasonable complaints, and social
pressure created by the line behind them, all of which can
affect concentration and frustration but may impact
those with ABI more significantly. We found that the VR-
ATM was not highly specific for money transfers (75%);
that is, participants who had no difficulty with a real
ATM could still fail when operating the VR-ATM, possi-
bly owing to the complexity of or unfamiliarity with the
system, as also reflected in reliability studies of virtual
environments [7]. In addition, we found that participants
with slow motor speed had difficulties managing touch
screen monitors, which are more sensitive in response
than the buttons of a real ATM. This result was consistent
with our previous finding that individuals with brain inju-
ries showed a clear slowing in reaction time and a ten-
dency to trade off time for accuracy [21]. Although it was
noted that all participants were cognitively intact as
reported in the MMSE results (Table 1), the test did not
detect slowness of information processing or impaired
executive functioning which are common general cogni-
tive impairments after acquired brain injury.
Success in real ATM practice can thus be predicted by
the average reaction time and level of cues used in the
VR-ATM program. In reality, participants with an aver-
age reaction time exceeding 30 seconds in any step would
fail when using a real ATM. Participants who failed in
operating the VR-ATM usually needed an average of 26.5
seconds (ranging from 23 to 30 seconds) in average reac-
tion time with more than two levels of cues. Those who
passed the real ATM test showed a mean of 15.5 seconds
(ranging from 12 to 19 seconds) and a range between one
and two cue levels in the VR-ATM. It is likely that people
with ABI fail at real ATM operations because of their
slow response time, which cannot be traded off since a
real ATM is programmed to allow every person a maxi-
Table 4: Results of Mann-Whitney Test in post-training comparison between groups
VR-ATM Group (n = 5) CAI Group (n = 5) Z p
Cash withdrawals Average reaction time 5.6 ± 2.1 15.2 ± 6.5 -2.312 0.021*
Correct percentage score 98.9 ± 2.5 89.4 ± 8.4 -2.019 0.043*
Money transfers Average reaction time 10.6 ± 5.7 16.6 ± 7.2 -1.362 0.173
Correct percentage score 93.2 ± 5.8 82.7 ± 9.5 -1.886 0.059
Cognistat Orientation 11.6 (0.9) 11.8 (0.5) -0.149 0.881
Attention 8.0 (0.0) 7.4 (0.9) -1.491 0.136
Comprehension 5.6 (0.9) 5.6 (0.9) 0.000 1.000
Repetition 10.0 (1.0) 8.8 (2.6) -0.435 0.663
Naming 6.4 (1.5) 6.6 (1.7) -0.217 0.828
Constructional Ability 5.6 (0.9) 4.4 (1.5) -1.423 0.155
Memory 10.2 (0.8) 8.8 (2.8) -0.212 0.832
Calculation 3.2 (1.3) 3.2 (1.3) 0.000 1.000
Judgment 6.8 (0.8) 6.8 (1.3) -0.767 0.443
Reasoning 4.2 (2.1) 5.2 (0.8) -0.108 0.914
Mean ± SD; * denotes significance at p  0.05
Note: Cognistat - Neurobehavioral Cognitive Status ExaminationFong et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:19
http://www.jneuroengrehab.com/content/7/1/19
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mum of 30 seconds to respond at every step and only
three chances to make an error in password key-in.
In Part II, our baselines showed no significant differ-
ences between the two groups, implying that the method
of assigning participants to either group by matched pairs
was successful in equalizing both. Thus, the results of the
study support use of the VR-ATM to train people with
ABI as a better approach than using conventional CAI in
improving speed and accuracy in making cash withdraw-
als. In the performance of money transfers, the difference
between groups was close to significant, but this advan-
tage was lost in the post-training results. Failure to
achieve a statistically significant difference in this finding
may be related to the complex steps involved in making a
money transfer, since the cash withdrawal task was sim-
ple and had fewer steps compared with the money trans-
fer task.
VR technology can serve as a program for repetitive
practice in a simulated and modifiable environment that
poses no threat to participants and places no physical
limitations upon them. Repetitive practice is essential to
effective therapy, and the VR approach provides an objec-
tive, accurate measurement of patient responses in a
series of repetitive tasks and a more economical training
program requiring less than one-on-one contact with a
therapist [11]. Once clients with ABI are referred to out-
patient rehabilitation and their problems and difficulties
using ATMs have been identified, repetitive skills training
with the VR-ATM could improve reaction time, accuracy,
and the client's confidence. If the client was successful, he
or she could proceed to real ATM operation under super-
vision by staff or a family member. In the future, more
virtual community living skills programs beyond the
ATM could be developed to increase training opportuni-
ties for clients with ABI or other cognitive disabilities and
to facilitate community reintegration.
This study does have several limitations. The sample
size in both parts of the study was small. During the real
ATM practice in Part I, the money amount used for
money transfers was only HK$10, which was too small a
value to induce anxiety comparable to a real-life situation.
A follow-up measurement in Part II of the study would
also be necessary to determine whether the skills gained
from using the VR-ATM are maintained over time. Fur-
thermore, the long-term benefits of the VR-ATM for
learning to reuse ATMs prior to real-life practice in cli-
ents with ABI remain unproven. Although the VR-ATM
can be used as a reference point, it cannot replace real
ATM assessment if the real-life performance of the client
needs to be known. In terms of implications for future
research, sufficient compelling evidence exists to encour-
age further randomized controlled trials. It might be use-
ful if future studies of virtual reality training could be
repeated with larger sample sizes, and if the treatment
e ff ect  ove r  t im e  c ou ld be  m eas ur ed t hr o ugh f ol low-up
studies.
Conclusion
We found the VR-ATM to be a valid assessment and
training tool for relearning the use of ATMs in clients
with ABI. The VR-ATM, which can be openly accessed
anywhere through the internet, provides information
about the time and levels of cues needed in virtual prac-
tice, which is important for training skills in a protective
environment, increasing the confidence of clients, and
providing training opportunities prior to real-life practice
in the community.
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